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By W. H. Phillips
SUMMAR

A thsoretical investigation has been made of the
oscillsetions nerformed by suspznded bodies of the tyne
commonly used for tralling alrspeed hesds and similar
towed davices, Ths orimary purposs of the investiga-
tion was to design an instrumsnt that will remain stable
as it is drawn up to a support underneath an airplane
without attention on the part of the pilot. Flight
tests of a model airspeed head were made to supplement
the thecretical study. Unstable oscillations cof ths
body at short cable lengths were predictad by the theory,
but the rate ol increase of amplitude of these oscilla-
tions was very small. In flight tests, riore violent
types of instability were belisved to te caused by
unsteady or nonuniform air flow in the regicn where the
cable was lowered from the airplane. Mo vnractical
method was found to provide larege damping of the oscil-
lations at short cable lengths, but the degres of
stability present in a suitably designed suspsnded
body was shown to be satisfactory if the body was
lowered into a uvniform air stream.

IUTRCDUCTION

Suspended devices that consist of heavy streamlins:
bodies stabilized by fins have besn used in the past
for various rurposes. A freguent aprlication of this
type of device 1s the suspsnded zirsveed head used for
the accurate measurement of airplane speed (refersnce 1).
Certain difficulties have teen encountered in the use of
these instrumesnts because of unstable oscillations of
the cable and suspended body. Cne common type of
instability has been a tendency of the instrument to
swing violsntly back and forth and from side to side as
it was drawn up close to the sirplane. Because of this

ESSTRICT D



2 BACA »FR Ne. L4D18

tendcncy, these Inctrurmcnta 2ed cornsiderable attention
in handlionz »nd usuallr regueirs +the s2rvicess of o4 verson
other than ths »nilot. Another typs ol insutabllity has
been an oscillaticon of the bedy and whippine action of
the cable when the body was relng towed at the full
lengtn of the cabhle. This rotlon has occurred only
wien the Instrument was lowsred from certain sirplanes.
The procent ?nv“stipat’on was undartaken in an

ffort to develon a tywe oi trailing wirspred hsad that
L,ouli ¢ lowerad Irow and drawn ur to a suprort wunder
neath the alfrplane witheout close ~ttantion. This
reaulircmzat necegsltates that unstable oscillations of
the Instrumenrt be avolided at any cable lsamth.

e
3w

A ogtudy of both lutersl and leonsitudinal oscilla-

ticns ol the body and cakle system was made in refler-

grice 2. This study was baszd oa ths assumntion that

Lie dearping of the motlicn fue to air Jorcss on the

cubls could e nuplactad, e riresent invastleation
siiows that vhlg gsvuvmption leads Lo ¢rrenenus counclusions
with rasard o the btoundering of stability.
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alir density

vertical distance between airplane and body
vertical distance

accglaration of gravity

effsctive drag, also, operator indicating differsntia-

tion with respect to time ﬁ?
nondimensional opsrator (DT)
drag of hody
total cabls Jdrag

Dy,
drag coeffinient of body —
. J
Ey?s
v /

equivalent dreg coefficient of rcahle
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sgi'fsctive drag cosfficient Cn + C
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horizontal distance between airplane und body

drap coefficient of cable per unit vertical
. cabls drag
height [—y——"=
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Froude numher (;i)
(¥ay’
A
»¢lative-density coefficisnt -3:~
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ratio of tail l3:ngth to vartical distuances below
girplane  (1/7)

noment-of-irertia factor (k/l)d
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THEOTSTTICAL T TIGATION

of a trailiap airspeed

beeanse of the axial syrmstry
2l motions ocrur

bead, its lecncitudinal and latr
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indepsndently. These types of motion may, therefore,
be trsated separately. The lateral motion of the
i{nstrument will be analyzed in considerable detaill
because this mode of motion is theoretically most
likely to become unstable.

Lateral Oscillations

Mathematical treatment is possible only for the
case of small oscillations, for which the forces acting
on the body vary linearly with the displacemznts and
angular velocities, The Instrument will swing from
side to side like a pendulum but, for small amplitudes,
its motion may be considered to take place in a hori-
zontal nlane. A restoring force depsnding on the
cable length under consideration will be assumed to act
through the nivot noint.,.

The subsequent analysls indicates that the drag
force on the cable and body has an important influence
on the damping of the oscillatilons. In practice,
almost all the drag acts cn the cable. For purposes
of analysis, however, an effectivs drag force due to
the cable will be assumed to act on the body at its
canter of gravity. The relation between this effective
drag force and the characteristics of the cable will

be discussed later.,

The notation used in considering the lateral motion
is shown in figure 1. The equations of motion with
respect to a fixed system of axes are as follows:

e L 07 3y . dY dY

SN AR R AR Rk
s W g o

C\U - L‘ '5'6 -\ _é—\ﬂ =0

-% -y = p

In order to simplify the notation, let D = é%

and define the stability derlvatives

1 ¢Y
Y8 =% TF
. _1loxn
0T ¢ OB



d Aefins the other derivetives slullarlz.

N

aq

[
73

o
o

These
;uaticns mey e solved v ths usuval procodurs of
A~ttipg the determinant of ths cesfflilcients equal to

7ero, This detsrminsant may b2 expandsd to give the

guartic
. o
ab4 + LD + oD + 4D+ e = 0

whares

JERL R ok

(1)

e = "Y‘V"‘E 5
In order to ind the nature of the :ntion from
equation (1), 1t is necessary to cvaluats ths gstability
derivatives in terms of the dimonsions and aerodynanic
cndwacte istiecs of trhe inctrument. Tn sctting up a

gimn1i

izd formm for the stability equation, it

’-

is

sufl 1cia“t1y accurate to ascumz that aerodynamic forces
cther thun drae forees will act only on the vertical
11 21 tne iastrumsnt Tre deriviation of the expression

for Y. is given as an exarple:

Y=o

whsre



NACA ARR No. L4D18

The other aerodynamic derivatives may be determined in

a similar manncr. Only the derivatives related to the
forces exsrted by the cable require special consideration.
The Y-force caused br a lateral displacement of the body
is found by assuming that the body and cable systemn,

when viewsd frowm the front, dellects as a simple

pendulum (Iig. 2). The vsstoring force cdue to a small
deflsction y of the body susocnded a vertical dis-

tance Z TDbelow the airplane is

v o= -2
yan
OV _ mg
ey T 7
_ 1 oY
77
S
y

The derivative Yy 1s found from the drag force
acting on the body and cable. A drag force acting on
the tedy will have a component of side force as shown
in figvre . Thus

Y = Dl + V)
- Dbi
Y
- Oyeay
= C =V 7>
Dy 2 v
X = ¢op, Pys (2)
oy 2

The componsnt of side force due to the hodv is

10V
Yy T m 6§
fvs

= oo

Inasmuch as the drag of ths cable ordinarily far
exceeds the drag of the body, the value of the deriva-
tive Y§ will be principally determined by the cable
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drag. Tre motlhiod of calculating an equivalent drag
cocflicient (p, to take inte account the 3lfect ol the

cable is given in the apnendix. The derivative Yj
is then rlvsn as follows:

5= (%0 * Opg) T
Eyg
S
= LD "

The value of the coefflelent CDo may be deatermlned as

a functicn of the 1atla of horizountal lengtn to haight
ol tbhes cable X/4 from figure 4.

ALl the aerodynamle dsiivatives have basn evaluated
in termz of ths Airensicns of the bedy and cable systen.
In crvder to reduse th? numbsr cf variables, it i3 con-
voniont to zxpraess these dorivatives in terus of non-
dlrzasional ratios of the grantitiss involved, which are
gy oac foll

Prouds numbel, v

!

Helative~dznsity coefficient

Ratio of tall length to vertlcal distance of body below
pcint of support,

; 14
I3 =7z
Momznt-cf=-inertia facter,

C1

1
——
‘*\J!r‘i.

Time iz expresszd in terms of ths time unit 7T = _pm .

5VS
Whan the derivatives are expressed in terms of these
variables, thz st

sability quartic becames
4

ap'™ + bD'ﬁ + cD‘z + dD!' + e = O (3)
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where

and

a = 1

o
1

*(T]'_'—a‘*'CD

o ac
_ _ap <R D
¢ = 'U% A Cy
auln apzh
Cl - Gy

da =-

The stability of the towed airspeed head may be
determined by substituting numerical values in the
formulas for the coefficisnts and factoring the quartic.
g two guadratic factors detsrmine the periocd and
mping of two modes of oscillation. Ons quadratic
ctor vizlds values of th: reriod and damping very
03e tc those obtained with a simple pendulum having
a lzngth equal to the vertical distance of the towed
body below th2 asirplane and damping egual to that
supolied by the drag force. The other quadratic
factor glilves an osclllation that has values of period
and damping very close to those of the body rotating
as a weather vane about a vertical axis through its
center of gravity. The weather~vane oscillation
gensrally has a short period and is always rapidly
damped. The damping of the pendulum oscillation is,
however, very slow at short cable lengths, because
the cable drag is small.

o

by ) 3t

The coupling between the two modes of oscillation
introduces the possibility of instability of the pendulum
oscillation. In order to find the condltions for
instablility, the coefficients of the quartic may be
substituted in Routh's discriminant, which states that
the motion will be stable if the coefficisnts satisfy
the relation

(be - ad)ad - 1% >0 (4)



10 NaCa ARE To. L4D1B

Yhen the valuss of the coefficlents (ecuation (3))
substituted in formula (4), Routh's discrininant

2.2 ~ 2 2
1 /uﬁ 5 CDQ‘1%> ) ?“PCD ) aquP N pukCp . ap~R
< a Cq C1 C1

) N
C@“CDH 20 n o4 “21’?) _ apCD aCD_‘“_ _ apCD

- ——=— - p°CpR + au°n —2 - —
1 v 0% 0 Cy
2 L3
ec\ ‘sJ
A RS M
G %

Tre aexpresasion 1is given in this foris merely for the sake
of comrleteress. In practice, o great simplification
rey be made, with n3v¢wg1ble lozs of accuracy, by neg-

- . b dn
lecting the small term - CE in cosificient ¢, for-
] 1

rmila (Z). The simplified form of the discriminant is

Tre minus 3ign vefore the expression Cp - a - o sives
one condition for stability +
K 1
'fﬂ; < ( 1 (5)
-afl + =
C1
and the plus sign before the same expression glves
another condition for stablility
v C1(0p - a)
L b L (5)

—aCD

Soundaries of stability ars plotted in figure 5. It is

3sen tnat below a certain small value of the param-
eter F/Ru, glven by formula (8), the motion 1s stable
for all values of the drag coefficlient. As F/Rp 1is
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increased above this value, the motlon 1s unstable until
the boundery of stabilitv piven by formula (6) is reached.
The motlion then becomes stable again at all higher values
of F/Ru.

Examples have been worked out from the general
boundaries of stability (fig. 5) to show the variation
of stability of an actual airspeed head as the cabls
length is changed. The characteristics of the alrspeed
head and catle used in the calculations are as follows:

m, Slug LI B I I R L I I T R R R e e N N N L L I I O I BN A I B A A 00466

N T X C.45
S, 89uare FOOL tiviirierioeioreosossonsencoseenas 0.25
Ky FOOT teturiieerneieeierenennssssaseisnenenasnes 04,416
Aspect ratio cier ittt it st et e o0 2.25

a, per Tadian LI I I T T I I I R I N B R R A A L ] -2-10
Cl LI I I T R O N I T I I R I e I R I R T I I I S S ) 00855

WC, inch L I I N I N I B B I I R I N N S I T T I I I TN Y I 2L T T I 6.375

Cable weight, pound per foot ettt aenenns 0.05
P, slug rer cubic FOOL tiveerroeenasossassensaess 0.00238

The cable lencth 1s plotted against the effective
drag cosfriciert Cp = CDb + ODC in figure 6. The

me thod for determining this curve is given In the appendlx.
Ths boundaries of stabllity for this varticular case are
plotted in the same figure in order that the region of
instenility may be found. Az the body is lowered from

the airslene, it will be stable for a very short distance
and will then become uastable until the uvrper boundary

of =stability 1s reachad. The upper boundary of stabllity

occurs when the body is 2.8 feet below the point of support
at zn airspesd of 200 feet ner sscond, or 6.3 fset helow

at 100 feet per szcond. For all ;[ rsater cable lengths,
tlie bods will be stebls. When the hody is drawn up to
ths airplane, it will again puss throush the unstable

regsion,

The psriod and denree of damping of the oscillation
at various cable lengths for the airspeed head having the
characteristics previously riven have been calculated
by substituting numerical values in formula (3) and are
siven in the following table for an airspeed of 100 fest
per seconds:
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—
' Distance telow Peridalum Weather-vane
airnlane, oscillaticn oscillation
Z -t

(ft) P . P g,
(suc) 7 (ssc) |n1/8
4,0 2.2 2Z.4 to double aumplitude] 1.08; .27
8.3 2.00 » (noutrally stable) 1.07¢1 4.10
10,0 T.51 20,0 toone-half amplitude| 1.061 4.28
20.0 4,95 1.95 toone-hedff amplitudel 1.07 ] 4.24

Fronm these calculations 1t is scen that the damning or rate
of divergence of the pendulum oscillation *s very small

for cable lenpgtiis scome distance on elther side of ths
stabllity boundcary. For the lonrest cable length, how-~
ever, thie oscillation demps to ono-half amplituds fairly
rapidl-.

1

The toundarics of sta
are in gocd guelitativs & &
velavior of fhe T.CA trai Ao ailrspessd head. Actually,
there is no sharnly delired boundary of stabllity bscause
Fyoosnlillation is only slishtlw q'""ved sftsr the tody
23 becn lowared scme dlstance into the stavle region.

s will k=2 explainsd later, distirbing influencss not
iven Into acconuant in the tHAorv may cauvse ar unstable
cillaticn of tne body when Lt would theoratically

v2 a slisqhtly ﬂumnai escillation.

1lity determined theoretically
2 n+ with the observed

Wz‘r:b‘,:,r?-c [
’D(n(‘"
[63]

b g

1

The bowndariss of stavility cheown in flgure 5 indicats
that, when the drag coefficivnt is zero, the body will be
unstable at all valvss of cabls length preater than that
corrasvonding to the lower stability boundary. For very
small velues of tihe drug covfi_,Lent, such as wonld be
obtalned by neglscting the cable draz, ths theory
indizates that ths body will be uubt“ole over a 1aI@e

rangs of values of the cable leagrth. The results of
referancs 2, in which the damping effﬁct of air rerces
on tue caole 1s rneglsctzd, are thersfore believed to be

in error,

Investication of Modifizatlons to Tmprove Stability

In order to invsstigate the changes that might be
mada to improve the gtdu117uv of a convept*nnal tyre of
airsnesd head, 1t is convenicnt to express the condition
for >u9bi1LtV (formuls (8)) in the following forri, whsre
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the nondimensional expressions have been removed by
substituting the dimensional quantities that thley
renlace

1, ¥R KENE 7
me, ':f‘ -t -S-VQS D

where k 1is the radius of gyration about an axis
through the pivot peint and D 1is the effecgive drag

obtained by multinlying Cp = CDc + CDb by EVZS.

The curves of figure S5 show that the region of
Instablility for a conventional typne of towed body can
never be 2ntirely eliminated. The following changes
would tend to restrict the unstable resgion to a reginn
closer to the airplane:

(a) Decrease in weight g
(b) 1Increase in drag
(¢c) 1Increase in area and aspect ratio of fin

(d) Decrease in ratio of radius of gyration to
tail lencth X%/1

The first two changes are impractical becauss they
interfere with the usefulness of the instrument as an
airspeed measuring device. The second two changes,
however, provide practical methods of improvement. For
sxample, the greatest distance below the alrplane at
which unstable oscillations occur in the example
previously riven could be decreased from 6.3 feet to

4.2 feet by doubling the tail length without increasing
the radius of gyration. This change could be acconplished
by mounting a light set of fins on a boom behind the
instrument, Formula (7) indicates that increasing the
speed will restrict the unstable region to shorter cable
lengths. Once the oscillation becomes unstable, however,
it will probably increase in amplitude faster at higher
airspeeds. It may be advantarsous, therefore, to raise
and lower the body at low flyine speeds.

The use of special devices to improve the stability
will now be considered. It has been found by the writer
that ths two modss of oscillation fFiven by a quartic



SACA AFR Mo. 1L4D1E

e
[1aN

will doemo to one-halfl amnlitude irn the same time 1if the
cosfficisnte satisfy the relation

2 3 -
.i'_...‘:'.g.-i-d:o
g ~ 2

D

Ttion will give {b¢

G dptiﬂum nse of Aamping
tem. k”owrk emam:

ation of the coarficlants
f te fourd that this
rglacicn may be satiqfied Ly ;’(Qtlv iricrecasing the
damﬁihg in vaw Iy, or by reducirg tioe directional

g Fe r—'- B

staoility W alwmoast to zero. Physically, a conditio
i thuz reached ot whiech the bodyr ranains apbrox1na Lly
p-ra’l- -1l Lo tho avsra, e dirsction of flisht as i1t swvings
fron oada2 to slde inslead of turrlas Into the relatlve
NARTR ORI Torees are thersby brousht into play to damp

cue Ttz maaculws o 3211¢“t¢or.

Yhe forzoalrg methiod of obhuining stabllity may

alao in terms of the stubility beoundsaries
ot . Tn vhe siall stable resion balow
th .. of sta™ility, ibs nendulwur cacil-
Yobuo o Ly the 1a"nﬁni%m Just described.
Tor oo ‘lf,d,i nul atahility and increusing
mooALrn 2w, e lowsr voundary of stabllity is
rassuo t valucs of F/Hp. Tt is thzoretically
recssibhla, * ancclal devicss that arbitrarily
iancreacs & Ing in yaw or vreduce ihe directional
scahrlitr, ree this svebility boundary so that
the wasta ion is elinminated. Tt will be noted
trat tis of improving stabilitr i3 different
in oriscin m the on2 deccribed following fore
mule 7). nethod btascd on fermula (7) consisted
in cxtinding the stable raogion Ly lowering the uprer
woof stavilitor. The m3thod now Y2ing concidered
s in raising the lowesr stebility boundary.

It nag bhezen found imnossible, in practice, to

reduce tho dirzcetional stability of a convintional
tovzd wody to the sxtrensly sma 1) valns requirec

be

Th: ocdy of the instrumsnt is ”ﬂh)f&ljv unstable and
fome Jin area iz requirsd te rive n2utral diresctional
stability. Any small change 1n the characteristics
of the body dus to Rerriclds number or dus to small
chanrés in shaoe would b: cufficicnt to muke it cither
dirsctionally unstabnle or ino stalle to obtain damping
by virtus o1 1ts low directional stability. Th
glternative, grecatly incrzasinr the domping in Jaw
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micht be accomplished by operating ths rudder of the
instrument bty means of a gyroscoplc element to cause

the rudder to deflect an amount proportional to the
yawing velocity. The complication introduced by such

a mechanism would probably make the method impracticable.

Another method of Increasing the damping in yaw
and at the szme time reducing the directional stability
is to use two fins, one at the front and one at the rear
of the body. Calculations show that the directional
stability must be rsduced to a very small value (approxi-
mately 4 percsnt of the stability contributed by the
rear fin) in order to avoid the unstable oscillations.
A moderate decrease in directional stability, even when
combined with a damping in yaw of 2C times that for a
cornventional body, will not avoid the unstable oscilla-
tions. If the required small directional stability
could be obtained, any slight misalinement of tha front
and rear fins would cause the body to trim at a high
1ift coefficient. This condition would cause the body
to fly out to one gide ard would also make it undesirable
as an airspeed measuring device.

Longitudinal Oscillations

The longitudinal motion of a towsd body has been
treated thecoretically in rsference 2. This analysis
neglected the damping of the motlon contributed by air
Tforces on the cable, The boundaries of stability
calculated in reference 2 are therefore believed to be
unconservative.

In practics, the fore-and-aft pendulum motion of
the body has never besen observed to become unstable at
long cable lengths., It is noted that the effect of
the cable could be taken into account as an equivalent
drag coefficient, as it was for the lateral oscillations.
If a value of drag coefficient of ths correct order of
magrnitude is substituted in the relations presented in
refersnce 2, the pendulum oscillations may be shown to
be well damped at long cable lengths.

At short cable longths and moderate speeds, the
body hangs approximately vertically below the voint
of support; therefore very littls coupling exists
betwesn (ore~and-ait movement of the body and pitching
motion. The oscillation is simply a pendulum motion
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with danninas surnnlied v th2 cable rirag. Tnagrmuch as

nls cable drag is gwall at short cable lensths, the
oscllilation, thouuh theoretically stable, is wlowly
damred and may bscone unstable I disturbinz influcnces
are present.

Tne analysis of refersnce 2 shows that other medes
of lonecitudinal oscillaftion involving bowing of the cable
and pitching of the body are thsoretically nossible, but

such oscillations havs never Lezsn obssrved in practice.
It is belicved that the drag on the cadble vrevents these
o301 ions from hecoming unstable,

DNDPRHIMIONTAL INVESTIGATION

Fligrht tzsts were made

medsl abavt:ﬂvnamically'si : raliinug
airswied head susgoendsd irom a Stinson SP=8s airnlane
ug ol thie modsl s shswn In fisuare 7. In bzdar
z vulling the head ur to & suoport under ths
&

cord was run barousit an crelat on the cabin

The iInstromzat was stable wlwn towed on th:a ond of

a To=Iroot cnils at sezeds Letwesn L0 and 150 milss per
hour. Lataral and forve-a.ad-aft oqcil“utlons darmwed out

; ci cveles t should be noteu that

- cables lon s on oo full-scale towed
Sad rJaa, twice the size of the one tzs ted, would
bs twice as ;reat, The cosrssoonding spsods would be
\ tirws as . creat in ordew)t tain the sams value
of the Froude nuaber W = V7

“hen the modsl was drawn un te about 2 fas

t fro
the airrlane, it was suificizntly stable at 20 miles psr
1 h

Nour. nstabhle onscillations &1d not start while the
body wos left in this nosition For shout a minuts. This
DChuV ror do=8 not nscessarily indlcate that the oscilla-
tions would hava damoed out orce they had started. The

theory zhows that a4 large number of oscillations is

required to double amnlitudas ths body rmicrht, therefore,

have to be ftowed “or a considerable langth o time

peicre os8cillations would haocors noticeA%We. Unrortunately,
no mzals ware avallable to start an oscillation.

A5 the svezd was increased, the motion became less
steble, until at 9% miles ~sr hour 1r?rp451h" cscillations
occu*;eu. 48 prodicted by the theory, both the
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fore-and-aft and lateral oscillations had neriods close
to the period of a simple pandulum, The lateral and
fore-and-aft oscillations inevitably combined to cause
the instrumsnt to travel in an elliptical orbit. The
directlon of rotation was such that the instrument
swung back as it came closest to the fuselage. Proba-
bly the increased velocity near the fuselage fed energy
into the motion with each oscillation and caused a
greater rate of incrsase in the amplitude than would
have besn predicted by the theory.

Several modifications of the model were tried in an

effort to improve the stability. Two mecdilications
appeared to improve the stability of the pendulwn oscil-
lation at short cabls lengths. One of thzse¢ changes

consistecd in shifting the vivot point rearward 1/2 inch,
and the other consisted in equinping the model with a
hinged rudder with weight behind the hinge line and
viscous damping. These changes prevented the oscilla-
tion from appearing spontanecusly as the speed was
cradually increased from 80 to 140 miles per hour. A
theoretical study indicates that these chanpges should
have only sszcondary sffects on stability. These tests
are not considered to be a conclusive demonstration of
the stabllity of the body becauss it is not known whether
oscillations would have damnzd out once they were started.

Varicus other modifications that were tried resulted
in unstable short-neriod oscillations of the body. These
tests were made at a speed of 80 miles per hour. A
forward shift of ths pivot point caused a pitching oscil-
lation. This motion was believed to be the result of
elasticity of thes cable and mass unbalance of the body
and was similar in nature to flutter. A freely hinged
rudder with weight behind the hinge line caused a short-
period yawing oscillation. The use of an asymetrical
vertical fin, extending only below the body, caused a
short-reriod rocking motion of tne body.

Another type of instability has been sncountered on
a few occasions when the full-size NACA airspeed head
was lowered at the full length of the cable (approxi-

mately 200 ft), In one case in which this motion was
observed, the alrspesed head was lowered from the door
of a twin-snrine low-wing cabin monoplane. The head

was steady at spseds below 150 miles ner hour, but at
this speed oscillations of about 3-foot wave length din
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k2 cable criginated a%t the alirylanes and traveled deown
the Lody. As tlie soged was Increascd to 15 miles
hour, ths cosciliations oecene very violant and
1ised a pitching rotion of tie vody. The whinping
ction at the low=sr end of tie cable eventually caused
Lo orsak., A metal sprere was later towed from the
ame ai1rnlana and the oscillations occurrsed as hefore.

cscilletion was thorefore not reluated te the agro-
aple characteristics of che wody. It was belleved
%3 cavsed vy *u; actl of uwnsteady air flow froum
2 wing-fuselagcs ju tLXV 0:1x the tovr catle, The sane
rspeed heud has tesn used without ¢ifficulty at much
~tier spesds on oths d_rolanes.
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relatively lisut, large-size towed bodies
in flight. The pendulum oscillation
has never been known to tecome unstable,
Av was raised or lowerazd from thse air-
Tots beghavior 1s in agreement
1 precdiction. These bodles have a
comparsd with that ol the towed
unstatle rzoion et noermal flyings
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have shiovn that the nandulum motion of a tonwe
clo

i

._)

hscoms unstahle when body is drawn wp
airplane, The thecr ows that tlie insta
not serlous because the ampiituds of the oscilla
increascs vairy slowly,. The neximum cable length at
which unstatle oscillatlions can occur may bLa reduced
by raductilon ¢l the ratio of rudius of gyration to tail
ength of ths bedy and by increass of the fin arca and
aspsct ratio,

Moru violant instubility of the pendulws oscilla-
ticen than wou?o bg przdictzd by ths thzsory, as well as
other tyrss of instabllity, may be introcduczd by

mmstzadiness or 1ack of uni ’OPthV of the air flow

in the region where the tody is lowsred frewm the alr-
nlane. Inasmuch as no practical method has been tfcund
to provide large d“rﬁlnn of the opendulwn oscillations
whon the body 1is c]osn to thz airplsne, it is desirable
to lower th: body from a moint whore 1U is not subjected
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to these disturbing influcnces. A sulitarls location
would probably be on the plans of symmetry of a twin-
engine sirplane, or on the wing of a single-cngine
airplane at a point outside tiie slipstream, ¥t also
appears desirables to lower and raise the body at low
flying speed, becauss tiie unsteble oscillations then
increase in amplituds very slowly. If these precautions
are taken, it should bz possible to lower a towed body
without attsiation on the part of the pilot. The only
possibility for unstable oscillations to develop would

be 1f the body were left for long periods suspended

only a few fect beslow tlie airplane. Oscillations of

the system at large cable langths are rapidly damped
because of ths cable drag.

COMCLUSIONS

1. A theoretical study of thes motion of a suspended
body stabilized by fins showed that it had two modes of
lateral oscillation with the follewing characteristics:

(a) Weather-vane oscillation

The weather-vasne mode of oscilllation was
rapldly damped and had a period about equal toc that
of the Instrument oscillating as a weather vane about
a vertical axis throusgh its center of pravity.

(b) Psndulwm oscillation

The period of the psendulum mode of
oscillation was about the same as that of a simple
vendulum of length equal to the vertical distance
of the body below the airplane. The oscillaticn
was damoned by the cable drag at large cable lengths
but was unstable at short cable lengths. The rate
of irncreas2 of amplitude in the unstable ragilorn was
very small. It was found that the unstable region

could he restrictzd to short cable lsnc~ths at normal
airplane sneeds by keening the radius of gyration
of the bedy small and increasing the fin arca,
aspect ratio, and tall length.

2. In flisht tests, more violent instability of
the nendulum motlon was snecuntsred than would have
been expscted from th2 theory and othexr tynss of
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instability occarionally orcurred. These conditions
wereg attributed to the action ol uvasteadvy air flcocw on
the cable,. It 1is ozlisved thet unsatisfactory behavior

ol a towzd suspendsd Lody can be avoided by lowering and
raising the body at low flving srveeds from a point on
ths c¢lrvlsne whers the atr flow is uniform.

Lans~ley Merworial Asvonauticel Iabvoratiory,
irational advisory Teommittse for Asronautics,
Lenrley Tiseld, Ve
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APPENDIX
DEITERMINATION OF EQUIVALINT DRAG CORFFICITNT OF THE CABLZE
The drag of each cable element of height dz 1is
2

dDe = cd, e gv dz

where cg, 1s the drag coefficient of the cable per unit

vertical height. The variation of this Adrag coefficient
with inclination of the cable has bsen obtained from the
data of reference 3 and is presented in figure €. If

the assumntion 1s made that the cable remains straight
when viswsd f'rom the front, each cable e¢lement has a
lateral velocity proportional to its distance below the
airnlane. The side t'orce acting on esach cable element
is

. +Q
dYC (.-_DC T

i

The total side force 1is
Z
. z
T =7 =
Y. We 2«?/2 Cdc = dz

Pyr: 1 z z
— yr .._.JT',L
e gt 0 “ee 7 d(Z)

This side force has been determined by graphical
integration for cables with various valuss of X/Z, the

ratio of horizontal length to height. The cable form
was8 assumed to be that of one-guarter of a sine wavse,
as shown in figure 9(a). Although the shape of the

actual cable may deviate somewhat from a sine curve,
the error in ths calculated side force will he small.

The location of the resuvltant side force may also
be dstermined graphically as the center of gravity of
the area representing the side-force distribution. If
the Inertia cf the cable is neglected, the lateral force
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will be balanced by rcactions on the bodv and on ths
roint of support; the magnitude of the rsactions will
depend on the position of the resultunt side forcs on
the cable. As shown by figure 2, most of the side
force on the catle 1s transmltted to the body. Let
tna fraction of the total side force that is anplied
to the body be . The side force apnlicd to the
bedy 1s then

1
k
v, = KY,
1
= Ku, Svja /
0

hig r—:/l E d Z
a¥y, | *Weffo 4 7 (‘7‘) £,

dSA’ L S <

o
ol
o
IS
o
,\
t3fea
N—”

|

By comparison with formula (2), the quantity in brackets
may be substituted as an ecquivalent drag coefficisnt in
the formula for pe The relations may be swmarized
as follows:

P

-2‘“] S

Yo = (Cpy + Cpg) 5

wneare

Ty 1
- ~ RWCZ z 2
De T T8 /. “de 7 U5

The value of Cp, may be determined from figure 4 for
cabvles ol various values of the ratio X/?.

In order to determine thes variation of CDC with

cable length as the body is drawn up to the airplane, it
1s necessary to know how the ratio X/Z changes with
cable length. Tynical examples have bsen worked out
for two airspeeds for the alrsneed head and cable
previously described. The shape of the cable was
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determined from consideration of the forces acting on
the cable elements, obtained from refersnce 3. The
cable =hape for each spsed 1s shown in figure 10. Any
point o1 the cable may be considered as a point of
susronsion.,  The variation of ths ratio X/Z as the
canls is drawn in or let out may therefore bs determined
graphically from this figure.
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Fig. 3 NACA ARR No. L4D18

FPigure 5.- Top view of trailing airspeed head showing component
of side force due to drag.
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Flgure 5.- Boundaries of stability for a towed body.
Value of a is -2,10 per radian.
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(b)Y Airspeed, 200 feet per second.

Figure 10.- Cable shape for two valuss of airspeed,for a body and
cable that have the characteristics ussd in the calculations.






